Secreted phosphoprotein one (SPP1, osteopontin) may regulate conceptus implantation and placentation. We investigated effects of progesterone (P 4 ) and the conceptus on expression and localization of SPP1 in the ovine uterus. Steady-state levels of SPP1 mRNA in the endometrium of unilaterally pregnant ewes did not differ significantly between nongravid and gravid horns within their respective days of pregnancy; however, levels did increase as pregnancy progressed. SPP1 mRNA was detectable in the glandular epithelium (GE) of both nongravid and gravid horns via in situ hybridization. SPP1 protein was localized to the apical surface of the luminal epithelium of both nongravid and gravid uterine horns. Gravid horns exhibited extensive stromal SPP1 on Days 40 through 120, whereas SPP1 was markedly lower in the stroma of nongravid uterine horns through Day 80 of pregnancy. By Day 120, stromal expression of SPP1 between nongravid and gravid horns was similar. Long-term P 4 treatment of ovariectomized ewes induced SPP1 in the uterine stroma and GE. A bioactive 45-kDa SPP1 fragment was purified from uterine secretions and promoted ovine trophectoderm cell attachment in vitro. Interestingly, increased stromal cell expression of SPP1 was positively associated with vascularization as assessed by von Willebrand factor staining. Finally, ovine uterine artery endothelial cells produced SPP1 during outgrowth into three-dimensional collagen matrices in an in vitro model system that recapitulates angiogenesis. Collectively, P 4 induces and the conceptus further stimulates SPP1 in uterine GE and stroma, where SPP1 likely influences histotrophic and hematotrophic support of conceptus development.
INTRODUCTION
The ovine uterus undergoes considerable morphologic and functional changes to facilitate placentation and development of the fetus [1] . During the peri-implantation period, the uterine glandular epithelial (GE) and luminal epithelial (LE) cells begin to synthesize and secrete histotroph, an incompletely defined mixture of nutrients, adhesion molecules, enzymes, growth factors, cytokines, and other proteins that support development of the free-floating conceptus (embryo/fetus and associated placental membranes) and continue to be taken up by the areolae of the placenta throughout pregnancy [2] [3] [4] [5] . Secreted phosphoprotein one (SPP1), also known as osteopontin, is a candidate factor associated with histotrophic support of the developing conceptus. This integrin-binding extracellular matrix protein, with properties of a cytokine, may regulate conceptus implantation, placentation, and development [6] . Previous research has demonstrated that uterine SPP1 is regulated by steroid hormones in mammals [7] [8] [9] [10] . In ewes, SPP1 is induced in uterine GE in response to progesterone (P 4 ) during the peri-implantation period, and it increases coordinately with overall production of histotroph [8, 9, 11] . Although, studies using ovariectomized ewes suggest that P 4 regulates SPP1 in concert with interferon tau and chorionic somatomammotropin one [6, [12] [13] [14] , postimplantation regulation of SPP1 expression in GE has not been well studied.
Complementary to the uptake of histotroph derived from uterine epithelia, uterine and placental blood vessels grow and/ or dilate to facilitate maximal transfer of nutrients from maternal to placental vasculatures for hematotrophic support of conceptus development [15, 16] . SPP1 is a candidate for promoting angiogenesis to provide hematotrophic support of the developing conceptus, because SPP1 has increasingly been linked to angiogenesis in multiple tissues. SPP1 induces tumor cell angiogenesis in mice [17, 18] , and it enhances vascularization in ectopic bone [19] . Physiologically, SPP1 is upregulated during cardiovascular development and myocardial remodeling [20, 21] . In ewes, increases in SPP1 expression in interplacentomal stroma between Days 20 and 25, and later in the uterine stroma of developing placentomes, are temporally and spatially associated with increasing angiogenesis within the pregnant uterus [9] . However, endocrine regulation of expression of SPP1 in stromal cells remains unknown.
Therefore, the objectives of this study were to identify the influence of P 4 and/or conceptus-derived signals on SPP1 expression in uterine GE and stroma throughout pregnancy, and to investigate the potential functions of SPP1 in histotrophic and hematotrophic support of conceptus development during pregnancy.
MATERIALS AND METHODS

Animals and Experimental Design
Experimental and surgical procedures involving animals in the present studies were approved by the Institutional Animal Care and Use Committee of Texas A&M University.
Unilateral Pregnant Ewes
Ewes were checked daily for estrous behavior using vasectomized rams. Following at least one estrous cycle of normal duration, the ovary ipsilateral to the right uterine horn was removed and a double ligature was placed at the base of the right uterine horn at the bifurcation. At the following estrus (Day 0), ewes were mated to intact rams to generate a nongravid and a gravid uterine horn in each bred ewe (Fig. 1A) [2] . All ewes were hysterectomized on Gestational Days 40, 80, and 120 (n ¼ 4 ewes per day; Fig. 1 , B and C). Several sections (thickness ;1-1.5 cm) of placentomal (or caruncular) and interplacentomal (or intercaruncular) tissues from each uterine horn (nongravid and gravid, respectively) were placed in fresh 4% paraformaldehyde fixative for 24 h and then embedded in Paraplast Plus (Oxford Labware, St. Louis, MO). Several similar sections were frozen in Tissue-Tek Optimal Cutting Temperature compound (Miles, Oneonta, NY). The remainder of the endometrium was dissected from the myometrium, frozen in liquid nitrogen, and stored at À808C for RNA extraction. Uterine luminal as well as placental allantoic and amniotic fluids were collected from the uterine horns at Gestational Days 40, 80, and 120 (Fig. 1C) [22] .
Slot Blot Hybridization Analysis
Steady-state levels of SPP1 mRNA were assessed by slot blot hybridization as described previously [8] . Denatured total endometrial RNA (10 lg) from each uterine horn (n ¼ 4 samples per) was analyzed using a radiolabeled antisense cRNA probe for ovine SPP1 [8] . To correct for variation in total RNA loading, a duplicate RNA slot blot membrane was hybridized with radiolabeled antisense 18S rRNA and cRNA (pT718S; Ambion, Austin, TX). Following washing, nonspecific hybridization was removed by RNase A digestion. The radioactivity associated with each slot was quantified by electronic autoradiography using a Typhoon Scanner (Amersham Pharmacia Biotech, Piscataway, NJ) and expressed as relative units (RUs). Data from slot blot hybridization analyses were subjected to least-squares analysis of variance (LS-ANOVA) by the general linear models procedures of Statistical Analysis System version 8.1 for Windows (SAS Institute, Cary, NC) using the 18S rRNA data as a covariate. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. Data are presented as LS mean RUs with SEM.
In Situ Hybridization Analysis
SPP1 mRNA was localized in paraffin-embedded uterine tissue using methods previously described [8] . Briefly, deparaffinized, rehydrated, and deproteinated uterine cross sections (;5 lm; n ¼ 4 samples per) were hybridized with radiolabeled antisense or sense ovine SPP1 RNA probes [8] synthesized by in vitro transcription with [a- 35 S]uridine 5-triphosphate (PerkinElmer Life Sciences, Wellesley, MA). After hybridization, washes, and RNase A digestion, autoradiography was performed using NTB-2 liquid photographic emulsion (Eastman Kodak, Rochester, NY). Slides were exposed at 48C for 5 days, developed in Kodak D-19 developer, counterstained with Harris modified hematoxylin (Fisher Scientific, Fairlawn, NJ), dehydrated, and protected with cover slips.
Immunofluorescence Analyses SPP1 and von Willebrand Factor (vWF) proteins were localized in frozen uterine cross sections (;8-10 lm; n ¼ 3 samples per) by immunofluorescence staining as previously described [22] . Briefly, tissues were fixed in À208C methanol, washed in PBS containing 0.3% vol/vol Tween-20 in PBS, blocked in 10% vol/vol normal goat serum, and incubated overnight at 48C with 2 lg/ml of a cocktail of rabbit anti-human recombinant SPP1 (LF-123 and LF-124, kindly provided by Dr. Larry Fisher, National Institutes of Health [23] , rabbit anti-vWF, or rabbit immunoglobulin G [IgG; negative control; Molecular Probes, Eugene, OR]). Tissue-bound primary antibody was then detected with fluorescein-conjugated goat anti-rabbit IgG (2 lg/ml; Molecular Probes). Slides were overlaid with a Prolong antifade mounting reagent containing 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; Molecular Probes) and a cover glass.
Histology and Morphometry
Embedded tissues were sectioned (5 lm), deparaffinized, and stained with Mayer hematoxylin and eosin for general histomorphological evaluation as described previously [24] . A uterine gland cross section with an open lumen was counted as a gland. Uterine gland numbers were determined for at least six nonsequential sections from each uterine horn of each ewe (n ¼ 4 ewes per). Endometrial gland density was defined by counting the number of glands in a 940-lm field of view of the interplacentomal endometrium and subjected LS-ANOVA by the general linear models procedures of Statistical Analysis System version 8.1 for Windows. All tests of significance were performed using the appropriate error terms according to the expectation of the mean squares for error. 
P 4 -Treated Ewes
During seasonal anestrus, adult virgin control ewes (n ¼ 4) were hemihysterectomized and bilaterally ovariectomized (Day 0), then received daily i.m. injections of 100 mg P 4 in corn oil vehicle for 60 days. On Day 60, the remaining uterine horn was surgically recovered. Several sections (thickness ;1-1.5 cm) from the middle of each uterine horn (P 4 treatment) were placed in fresh 4% paraformaldehyde fixative for 24 h and then embedded in Paraplast Plus (Oxford Labware, St. Louis, MO).
Western Blot Analysis
Proteins from uterine luminal fluids (n ¼ 4) and allantoic and amniotic fluids (n ¼ 2 per) were denatured in Laemmli buffer, separated on 10% SDS-PAGE gels, and transferred to nitrocellulose. Proteins from ovine uterine artery endothelial cells (oUAECs) invading in 3D collagen matrices (300 ll) were concentrated 10-fold using trichloracetic acid precipitation prior to analysis using SPP1-specific antisera. Samples were separated on 12% SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes. Blots were blocked in 5% nonfat milk/TBST (Tris-buffered saline, 0.1% Tween 20) at room temperature for 1 h, incubated with a cocktail of rabbit anti-human recombinant SPP1 (LF-123 and LF-124; 5 lg/ml) [23] in 2% nonfat milk/ TBST overnight at 48C, rinsed three times for 10 min each with TBST at room temperature, incubated with goat anti-rabbit IgG horseradish peroxidase conjugate (1:20 000 dilution of 1 mg/ml stock; KPL, Bethesda, MD), then rinsed three times for 10 min each with TBST. Immunoreactive proteins were detected by enhanced chemiluminescence (SuperSignal West Pico Luminol System; Pierce Chemical Co., Rockford, IL) according to the manufacturer's recommendations using a FluorChem IS-8800 (Alpha Innotech, San Leandro, CA). 
P4 AND PLACENTATION INCREASE UTERINE SPP1
Purification of SPP1 from Ovine Uterine Secretions SPP1 was isolated from uterine secretions using previously established methods [25] . Uterine secretions were collected from the nongravid horn of three unilaterally pregnant sheep on Day 120 of gestation and combined (n ¼ 3). The secretions (400 ml) were mixed overnight with 40 ml DEAE-Sephacel beads (Pharmacia) at 48C. To remove unbound protein, the mixture was added to a 5 3 20-cm column and washed with 400 ml of 0.2 M NaCl in 10 mM NaH 2 PO 4 , pH 7.4, and 250 ml of 0.25 M NaCl in 10 mM NaH 2 PO 4 , pH 7.4. Bound protein was eluted with 250 ml of 0.3 M NaCl in 10 mM NaH 2 PO 4 , pH 7.4, and analyzed by SDS-PAGE. Fractions containing the protein of interest (M r ¼ 45 000 or 70 000) were combined and increased to 4 M using NaCl and loaded onto a 20-ml phenyl-Sepharose (Sigma) column (2.5 3 10 cm). Proteins were eluted with 200 ml of 2 M NaCl in 10 mM NaH 2 PO 4 , pH 7.4, and fractions of interest were again determined, pooled, and increased to 5 M with NaCl. This suspension was loaded onto a 5-ml phenyl-Sepharose column (1 3 10 cm), and proteins were eluted with 30 ml of 2 M NaCl in 10 mM NaH 2 PO 4 , pH 7.4. Purity of the isolated protein was assessed by analyzing 10 lg protein by SDS-PAGE and Coomassie blue R-250 staining.
Cell Attachment Assay
Polystyrene microwells (Corning-Costar, Cambridge, MA) were coated overnight at 48C with 5 lg/ml of the following proteins (50 ll) in phosphatebuffered saline (PBS): ovine uterine SPP1 (SPP1) purified from ovine uterine secretions, recombinant rat SPP1 with an intact Arg-Gly-Asp (RGD) integrinbinding sequence (rSPP1 [RGD] ), or mutant rSPP1 with Arg-Ala-Asp (RAD) in place of the RGD sequence (rSPP1 [RAD] ). An ovine trophectoderm cell line (oTr1) was isolated from Day 15 conceptuses and cultured as previously described [22, 26] . After blocking each well in 10 mg/ml BSA in PBS, 50 000 oTr1 cells were added per well and allowed to attach for 1 h (378C, 5% CO 2 ). Nonadherent cells were removed by washing in isotonic saline, and wells were fixed in 10% formalin. Plates were stained with 0.1% Amido black for 15 min, rinsed, and solubilized with 2 N NaOH to obtain an absorbance reading at 595 nm, which directly corresponds to the number of cells stained in each well [27, 28] .
Ovine UAEC Invasion in 3D Collagen Matrices
Primary oUAECs from three individual pregnant ewes (n ¼ 3; passages 4-5) [29] were seeded on the upper surface of 3D collagen matrices (2.5 mg/ml) containing 1 lM sphingosine-1-phosphate (S1P) to promote invasion as previously described [30] . Cell monolayers were allowed to attach for 30 min prior to addition of MEM (Invitrogen) containing a reduced serum II supplement, vascular endothelial growth factor (40 ng/ml), basic fibroblast growth factor (40 ng/ml), and ascorbic acid (50 lg/ml). Cultures (n ¼ 4 per time point) were harvested for analysis 6, 12, 18, or 36 h after addition of growth factors to the medium and were fixed in 3% glutaraldehyde and stained with toluidine blue. Additional collagen matrices (n ¼ 5 per time point) were harvested for analysis at 6, 12, 18, or 24 h after of addition of growth factors to the medium and placed directly into preheated Laemmli buffer (958C) for subsequent Western blot analysis.
Photomicrography
Digital photomicrographs of in situ hybridization (bright-field and darkfield images) and immunofluorescence staining were evaluated using an Axioplan 2 microscope (Carl Zeiss, Thornwood, NY) interfaced with an Axiocam HR digital camera and Axiovision 4.1 software (Carl Zeiss). Digital photographs of oUAEC invasion assays were captured using an Olympus CKX41 microscope (Leeds Instruments Inc., Irving, TX). Photographic plates were assembled using Adobe Photoshop (version 6.0; Adobe Systems Inc., San Jose, CA).
RESULTS
Steady-state levels of SPP1 mRNA were not different between nongravid and gravid uterine horns within the respective days of pregnancy (P . 0.10; Fig. 2 ). However, SPP1 mRNA levels significantly increased between Gestational Days 40 and 80 in gravid horns (P , 0.01) and between Days 80 and 120 (P , 0.01) in nongravid horns (Fig. 2) . SPP1 mRNA was detectable via in situ hybridization in the GE of both nongravid and gravid uterine horns (Fig. 3A) . SPP1 mRNA (Fig. 3B) and protein (Fig. 4) were more abundant in the stratum compactum stroma of gravid than nongravid horns on Days 40 and 80 of unilateral pregnancy as detected by in situ hybridization and immunofluorescence microscopy. SPP1 protein was also present in caruncular stroma of placentomes. By Day 120, immunoreactive SPP1 protein was not different between gravid and nongravid horns (Fig. 4) .
Histological evaluation of the uterine cross sections of gravid and nongravid uterine horns revealed differences in gland development (Fig. 5) . As pregnancy progressed, the number of glands visible in a single field of view decreased (P , 0.05) in both gravid and nongravid horns (Fig. 5B) . However, fewer glands were visible per field in gravid than nongravid horns (P , 0.05), indicating that the presence of a conceptus within the horn advanced GE hypertrophy (Fig. 5B) .
SPP1 mRNA was present in the intercaruncular and caruncular stroma, as well as the GE of endometrium from ovariectomized ewes that received P 4 treatment for 60 days ( Fig. 6 ), suggesting that P 4 alone is sufficient to induce stromal and GE expression of SPP1.
Evaluation of uterine luminal fluids from nongravid horns of Day 120 unilaterally pregnant ewes via Western blot analysis revealed two forms of SPP1 that migrated at ;70 and ;45 kDa, with the smaller form being more abundant (Fig.  7A ). These proteins were also detectable, although less abundant, in allantoic and amniotic fluids of gravid horns (Fig. 7A) . A prominent immunoreactive band of ;140 kDa was also prominent in allantoic fluid (Fig. 7A) , and likely represents SPP1 dimers that remain, despite utilization of reducing conditions, due to the ability of SPP1 to cross-link to itself or other proteins via two conserved glutamine residues that have transglutaminase activity [8, 31] . Uterine secretions from the nongravid uterine horn were collected and SPP1 purified (oSPP1) using previously established methods [25] . The oTr1 cell line was used to determine whether SPP1 purified from ovine uterine secretions can promote trophectoderm cell adhesion. Adhesion of oTR1 cells was supported by oSPP1 at similar levels to intact recombinant rat SPP1 (rSPP1 [RGD]), but not by rSPP1 containing a mutated RGD integrinbinding sequence (rSPP1 [RAD] ). These results indicate that SPP1 purified from uterine secretions is bioactive and supports adhesion of oTr1 cells to SPP1 in an integrin-dependent manner.
Development of the vasculature in the uterine stroma was assessed using immunofluorescence staining for the endothelial cell marker vWF. In parallel with SPP1 expression, increased levels of vascular development and organization were detected in the gravid over nongravid horns (Figs. 4 and 8A) . Staining for vWF increased steadily in placentomes throughout pregnancy. In addition, immunostaining was greater in gravid than in nongravid interplacentomal tissues at Days 40 and 80 of pregnancy, where endothelial staining was most prominent just beneath the uterine LE, as well as throughout the stratum compactum stroma (Fig. 8A) . In nongravid tissue, no differences in caruncular and intercaruncular immunostaining were observed (data not shown). The coordinate temporal and spatial increases of SPP1 expression and vascular development suggest a role for SPP1 in angiogenesis to enhance hematotrophic nutrition for the developing conceptus.
To determine whether SPP1 production is associated with new blood vessel growth, as suggested by in vivo results, we used an in vitro model of endothelial cell invasion that mimics angiogenesis. In these studies, primary oUAECs were allowed to invade into 3D collagen matrices. Photographs of invasion illustrate that invading structures increase in size and number from 0 to 36 h (Fig. 8B) . Western blot analysis of SPP1 expression in protein extracts revealed that invading cells produce proteins of ;70 to ;50 kDa, similar to those observed in vivo, as well as two smaller cleavage fragments (Fig. 8C) .
Variation in size and number of SPP1 fragments in vitro as opposed to in vivo is not unexpected, as SPP1 is a complex molecule, possessing multiple cleavage sites, acidic amino acids, serine phosphorylations, and glycosylation [31] [32] [33] . These results suggest a possible role for SPP1 in vasculature development in the pregnant ovine uterus.
FIG. 7. A)
Western blot analysis of SPP1 in uterine luminal secretions recovered from nongravid uterine horns and from allantoic and amniotic fluids of conceptuses in the gravid uterine horn of unilaterally pregnant ewes on Gestational Day 120. Each lane represents a sample from a different ewe. Immunoreactive SPP1 was detected using a cocktail of polyclonal rabbit anti-hSPP1 IgG (LF-123 þ LF-124). Positions of prestained molecular weight standards (kDa) are indicated. Arrowheads denote SPP1 fragments. B) SPP1 promotes attachment of ovine trophectoderm cells. Adhesion assays were conducted with rSPP1 (RGD), rSPP1 (RAD), or ovine uterine luminal SPP1 (oSPP1). Data represent absorbance values (595 nm) þ SEM (n ¼ 3 wells per data point). Attachment did not differ between oSPP1 and rSPP1 (RGD) (P . 0.10), but was significantly less using rSPP1 (RAD) than oSPP1 or rSPP1 (RGD) (*P , 0.01) .   FIG. 6 . In situ hybridization analysis of SPP1 mRNA expression in the intercaruncular and caruncular endometria of ovariectomized ewes after 60 days of P 4 treatment (P4). Corresponding brightfield and darkfield images are shown. A section from an ewe treated with P 4 hybridized with a radiolabeled sense RNA probe serves as a negative control (Sense). scST, Stratum compactum stroma; GE, glandular epithelium. Width of each field is 940 lm.
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DISCUSSION
The present studies assessed the influence of P 4 as well as physical and/or paracrine factors, including the fetus and associated placental membranes, on ovine uterine SPP1 expression to better understand how these signals direct SPP1 production, which is hypothesized to provide histotrophic and hematotrophic support of the conceptus. Results suggest that SPP1 is a major component of histotroph secreted in response to P 4 by GE as it undergoes hypertrophy and hyperplasia. In addition, P 4 induces, and unidentified conceptus factors further stimulate, expression of SPP1 in uterine stroma that is coordinate with development of the vasculature to provide hematotrophic nutrition to the conceptus.
Morphometric analysis of endometrial tissue within the gravid and nongravid uterine horns of unilaterally pregnant ewes was used to assess changes in the number and area of uterine glands in response to the presence of placental membranes and day of pregnancy. During pregnancy there is an increase in gland number (hyperplasia), followed by an increase in area (hypertrophy) [12] . In the present study, a decrease in gland number per endometrial cross section corresponded with an increase in individual gland cross sectional area per endometrial cross section in both the nongravid and gravid uterine horns, indicating gland hypertrophy. An influence of placental membranes on the architecture of endometrial GE was suggested by the presence of larger glands in the gravid compared with the nongravid uterine horns. Previous research has shown that members of the lactogenic and somatogenic family of hormones are key regulators of endometrial glandular development and function [4, 34, 35] . Specifically, the servomechanism proposed by Spencer et al. [34] stated that sequential exposure of the pregnant ovine endometrium to P 4 , interferon tau, CSH1, and placental growth hormone is necessary for the regulation of uterine gland function, including secretion of SPP1 and uterine milk protein or SERPIN [34] . Consistent with that hypothesis, previous research found that SPP1 mRNA increases in response to P 4 in the ovine uterine GE during the periimplantation period and is further increased in response to CSH1 but not growth hormone [6, 14] . The use of the longterm P 4 treatment of ewes in the present study provides firm evidence that P 4 alone can not only stimulate, but also maintain SPP1 expression in the ovine GE. In addition, use of the unilaterally pregnant ewe model demonstrated that increased SPP1 levels in the GE are likely the result of increased GE 988 number and size in response to hormones from placental membranes, such as placental lactogen. Collectively, the present results strongly suggest that SPP1 is induced and maintained in ovine GE by P 4 and that placental factors, including placental lactogen, increase GE hyperplasia, leading to increased SPP1 gene expression and secretion.
It is known that SPP1 produced by ovine GE is secreted into the uterine lumen during the attachment phase of implantation as a 45-kDa fragment of the full-length 70-kDa protein [8] . This fragment then localizes along the entire conceptusmaternal interface throughout gestation. The present data provide the first definitive evidence that SPP1 continues to be secreted as a major component of histotroph throughout ovine pregnancy. Large amounts of native 70-kDa SPP1 and the 45-kDa fragment were detected in ovine uterine secretions (uterine milk), and the 45-kDa SPP1 was subsequently purified using an established protocol [25] . Our demonstration that ovine oTr1 cells adhere to immobilized ovine uterine SPP1 at levels similar to rSPP1 (RGD) but not rSPP1 (RAD) suggests that integrins on trophectoderm cells bind directly to SPP1, and this interaction may support adhesion of these cells to the uterus to support implantation and placentation. The 45-kDa SPP1 fragment contains the integrin-binding RGD sequence and has enhanced cell adhesion and spreading properties over full-length SPP1 [34, 36] . Therefore, it is reasonable to propose that interaction between conceptus integrins and the 45-kDa form of uterine SPP1 contributes to stable adhesion of the conceptus to the uterine LE, and therefore facilitates intimate communication, including nutrient exchange between the uterus and developing conceptus.
Fetal development during gestation is supported by epithelial secretions, as well as vascular transfer of nutrients, or hematotrophic support. In ruminants, placentomes (discrete regions of the maternal-fetal interface formed from the interdigitation of the aglandular uterine caruncles with fetal cotyledons) are separated by extensive regions (interplacentomal) of true epitheliochorial placentation. Primarily placentomal, but also interplacentomal regions of the placenta contribute to hematotrophic support for the developing conceptus.
The presence of SPP1 in the stroma of placentomal and interplacentomal ovine endometrium after Day 25 of gestation [37] led to the hypothesis that its expression was regulated by either the physical presence of the placenta and/or paracrine factors from the placenta. Results from the present study demonstrate that stromal SPP1 is induced and maintained by P 4 . In addition, it appears that a placental factor(s) further stimulates P 4 -induced expression of SPP1 in uterine stroma because gravid uterine horns exhibited extensive stromal expression of SPP1 on all days examined (i.e., Days 40 to 120), whereas levels of SPP1 in the nongravid uterine horns were not equivalent to those in the gravid uterine horn until Day 120. However, it should be noted that in our studies, P 4 treatment for 60 days resulted in hydration of the endometrium and the accumulation of uterine secretions. Therefore, it is plausible that SPP1 in interplacentomal stroma may also be stimulated by the stretch generated from accumulation of these fluids. Further, SPP1 protein was increased in the caruncular stroma of placentomes throughout pregnancy (Fig. 4) , suggesting a physiological role for SPP1 in these regions of extensive interdigitation between cotyledenary and caruncular tissues.
These increases in SPP1 expression were temporally and spatially associated with increases in angiogenesis within the endometrium based on the presence of vWF as an endothelial cell marker. Consistent with the delay in increased SPP1 mRNA expression observed in the nongravid horn (Day 80) as opposed to the gravid horn (Day 40), the increase in vascular development in the subepithelial compartment of the nongravid horn was not detected until gestational Day 80, whereas the stroma of the gravid uterine horn displayed a marked increase in organization of endothelial cell networks in the subepithelial compartment by Day 40 of gestation. In addition, SPP1 protein also increased in the caruncular component of placentomes, and it was associated temporally and spatially with increased vWF staining in these tissues. Therefore, SPP1 is positioned to facilitate angiogenesis essential to providing hematotrophic nutrition to the conceptus.
The process of angiogenesis can be characterized by four fundamental stages in which an endothelial cell will sprout from the vessel of origin and give rise to a new capillary [38] . This process was largely recapitulated in vitro by placing oUAECs in 3D collagen matrices [30] . A potential role for SPP1 in regulating endothelial cell invasion is suggested, as there was substantial SPP1 production by the oUAECs as they invaded into the matrices (Fig. 8C) . Indeed, a recent microarray evaluating gene expression changes in human umbilical vein endothelial cells (HUVECs) as they invade into 3D collagen matrices showed that SPP1 is the most highly upregulated extracellular matrix protein (Bayless, unpublished results). Previous research conducted using SPP1 knockout mice further supports a role for SPP1 in development and repair of the vasculature associated with the skeletal and cardiovascular systems [19, 20] . Additionally, SPP1 has been shown to induce angiogenesis in murine tumor cells [17, 18] . SPP1 is an important regulator of endothelial cell invasion and subsequent angiogenesis in multiple species and tissues. Indeed, recent studies in the pig have identified considerable levels of SPP1 mRNA associated with the endothelium of endometrial vasculature (Johnson, unpublished results). Collectively, results of these in vitro and in vivo studies suggest that stromal SPP1 is an excellent candidate for influencing endometrial angiogenesis and subsequent hematotrophic support of the conceptus in sheep.
In summary, levels of P 4 in pregnancy are sufficient to induce SPP1 expression by endometrial GE and stroma, but paracrine and/or physical effects of the conceptus enhance expression of SPP1 in each of these cell types. However, SPP1 likely exerts distinct effects in compartment-specific regions of the ovine uterus to increase both histotrophic (GE) and hematotrophic (stromal) support of implantation, placentation, fetal growth, and development. A biologically active fragment of SPP1 is secreted by GE throughout pregnancy, and it functions as an adhesive extracellular matrix glycoprotein, capable of binding mononuclear trophoblasts of the placenta to LE of the uterus via integrins. In the stromal compartment of the endometrium (placentomal and interplacentomal), SPP1 increases in unison with growth of blood vessels and may play a role in endothelial cell invasion and sprouting that is necessary for provision of hematotrophic nutrition to the conceptus. Clearly, the extensive temporal and spatial pattern of SPP1 demonstrated both in vivo and in vitro implies physiological relevance to several mammalian species that show similar patterns of SPP1 expression, including goats, pigs, mice, and primates [10, [39] [40] [41] [42] .
